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(57) ABSTRACT

Solid-state lasers pumped by incoherent or partially coherent,
monochromatic light sources such as high power VCSEL
arrays. Ellicient and uniform injection of pumping energy
into gain medium 1s achieved through spectral match of the
pump source with the gain medium absorption and multi-
bounce retlections of unabsorbed pump light 1n a diffusing
pump chamber. One preferred embodiment of the diffusing
pump chamber 1s a hollow cylinder coaxially surrounding the
gain medium. One or more transparent windows, slit-shaped
or otherwise, for transmission of pump light are evenly dis-
tributed around the perimeter of the chamber and are parallel
to the axis. Another preferred embodiment of the diffusing
pump chamber 1s a highly reflecting compound parabolic
concentrator. A 2-D VCSEL array 1s employed as the pump
source and the gain medium 1s located at the focusing point of
the chamber. This mnvention demonstrates solid-state lasers
that are compact, robust, low-cost, and able to produce high
power output in CW or pulse modes for practical applica-
tions. An important application of the present invention 1s
high-power solid-state lasers featuring wavelength conver-
s1on such as optical parametric oscillation and second-har-
monic generation. Another important application of the
present invention 1s injection seeding, especially for pulse
mode with high repetition rates.

> Claims, 12 Drawing Sheets

300




US 7,430,231 B2

Sheet 1 of 12

Sep. 30, 2008

U.S. Patent

VIOId



US 7,430,231 B2

Sheet 2 of 12

Sep. 30, 2008

U.S. Patent

[ LN LR RN

L Lo e

P e R 0t e o e L Sl L e
. o

4 4- LL "L LU WO I ' ' 1=a r Faprdt




US 7,430,231 B2

Sheet 3 of 12

Sep. 30, 2008

U.S. Patent

JORqPIS]
Iose]

[01U0))

p=appoqulg

WINIPIJA UleD) IOSB ]

Adud1d111q uondiosqy

WISIUBYIIJN 3uIjdnon)

AJUQIDIIIH JoJsuel] AZiouyg

22In0S urdwng TISHA

induy 180110914

IQALI(T [BO11109]H




U.S. Patent Sep. 30, 2008 Sheet 4 of 12 US 7,430,231 B2

A Y n : . : - Yo
e e e, e, Y

Lo B

R T - e e P

- - R . B T .
ih B e o o P o I T i o P P IR e S T ¢ S




(M) 1amo4 dwngd
Ol G

US 7,430,231 B2
-
oY
To

O
-
]
— c
fm o
<,
vk o
5 -
7 .m.nw.. g £2]dno") —e—
- D 43]dN0O") ~——mipm—
g 1Mo
DAINOJ = = = =

Sep. 30, 2008

19MOd Jase] pue i3|dnos IndinQ jewndo 41A:OH

yOId

U.S. Patent

-

-

r

N

M

v

0O

(M) 18Mmod 1ndinQ 19se)




US 7,430,231 B2

(M) 4d9mod dung

Sheet 6 of 12

Sep. 30, 2008

U.S. Patent

D[ W] AONO [ » u o = =

vy L T Y Fpep—

19MOd J9seT] pue 43jdno) 1ndinQ jewndo

S OIAd

%l ;v P
O et ..
m. ol T - * - 0Ol
s v
-
~ w
2,
m G
> DY A9 42]ano) —e—
@ - 0¢
o O U] 42]AN0") ——sge

IDVA-44 4omod

(M) 48mod IndinQ J9se



US 7,430,231 B2

Sheet 7 of 12

Sep. 30, 2008

U.S. Patent

Aouaio1yg adojs

(zH) @)ey :o_zawm

GCl 001 G/ 05 GC

%Ol ———— _ —— 0
| M 00l =Jamod duund abelany

%Gl - 00¢

o

INdnQ Jase m 4

"0z | 00v B O

—_

55

A
JGC T Aouaioly] ado|g 009
7%0¢€ .. 008

SOPO|N Pas|nd }e 19se] Sse|9):qA 13

9 Old



(ZHM) @)ey uonaday
0GE 00€ 0S¢ 00Z 0SL 00L OS

US 7,430,231 B2

0 . —— I — L

/o0 JndinQ Jase 0 -

Sy

®

D %S ®

5 o

L, - &

- ® =

w M %01 Aousio3 adojs c

g 0 3

7 L 7 M

S %G1 T

n

2 M 006 = Jamo4 dwnd abelany o
&

° %02 .

-
o

SOPO|N Pas|nd e Jose] 9}119}S104:19)

L Il

U.S. Patent



US 7,430,231 B2

Sheet 9 of 12

Sep. 30, 2008

U.S. Patent

.I-_—.- -_.l..-.-I-.—l-_I_...___I._..

2] 1 ! R et el el o/ P! bty bl ......-....-.-... L pf bty P afaCet ’
mﬁ._..xe__.a.q..”.“..-... o ol s =Rty e e, A e D o -

.l.- l"”lm. ; ]

R AR AR AR AR AL FEAK R AAD - A R KRR e Pt S T i e e

II-
HI
I‘I
.ﬁ-‘
||.l

R A N AR AR AC I LEC LR TSN LTINS §
AR R R R R TR Y R R R N R N NS N R
e N R A R R R N AU ESACACANA S &
R S N R, |

AR R AR N A L NS NS R AT R N e
R N N LN TR RN,
RS RNV N, NN NN A
N S e e, W R e A A AR LR
R NN A A, Rl N NN A A Y
N N N R A T RN N S N N N NN N NN
AR RN ARG R N N S N R L P AR A R AN |
LU VU N AL Ve T N N i i e, e M, MU T i o S L RO AR R R
N R N R U U U U U T N I VT N N G R
L e e A e R R N A A S AL SRR AN RS A LA

III-
4
L]
M A4 A A A& A A A A A A A A
‘_'r
oA
‘I
L T T
oW
Ll

W W W W A
G A
b A S o o
O R
W W R AR an
WOOR A am s
W W s
a A A A A
wOw
" & A N A
C A I .

N T A .Y
T O m P

-
o |

A A A s o A
L . N .

T L LT I T T T Y TR T R T RNFT BT Y

L%

.4

r
-
-

"
”~

A A A A A M A A A A A A
wr

-

_r
e o W M A A A A N A A oA

T+ ™ M 4 oA B W A M M A N

e o M e A A N A A A A A N
LI L

L L L L U I L R O T T v

A O A

¥+
"
O

- A R A A A A A A R A A A M
WO S ORE e g B g B T g N Ba AR R
A A A A A A A A A A oA oo

W o g B o wE wWE R W g W W D wr am an
A & A A A A A A A A A = om w

Womr gk e i A W W g W W g W R aE
A A b s A A A A A A OA L A B,

WO W W W M oW oW MW W M oA o g
A& A B S A A S N R R R vy e Ny

P A Y
L - I T
R T T N
w v v W
A T N
v W v v
%, A A A A A A A A A A A A
W OW W W g W W T g ot g W me
™
WO W A W W
F R R N
LTI LT I C R TR Y R VRN PR A T T T I TR
-\ A A A A 4 A A A A A a8 O~ i
WOW W W e W W e W L g W o AR g
W W % W W %Y W W W W Y W W g g
A A b A A A A A A B N e e
W N % A B owe oy o oy o W aE o g

[ T

LA LI I B S R L S U T

-

VoW W W W g W B Ak oag W e

Wy
1T
da
W LT " LY I

L . L A T .

il

WOW W
A A B A A A A B A A ow om

1 ' o v i o A A A AR A A & A
Y W W W W W Y W Y i g g me
< s s 5 s & W [ ] . . . [ | I
L . e e B e S . L T
™1 M o A A& Al A A A1 A A B B A
1 m s A e i A A A A A s A A
WOW W OW W W W W W W O W R e ga
A M B B & e A [ . % e A A A .
W v W v W w W W W - g B B B B
oM A W & A oA A & R R R N
WOW W W W W W W WY W W N o
S o e A A A A Y R e e
W Ny By = A e N
WOW Y W ON W O oy YW oy o g g

+
4
4
+
L
g

b A A A A
w v U W Y WY
J M e A A
w W W W Yy g
M o A A
v W WY Y v W
PO N TR §
v W e W oy W

»
»
4
»
»
»

T R N

A I  p
Tty -1 A m”-1-.11-._"q”_.-m|“ﬂu“|“1l1l | l-.... ..ﬂm. "” -_..k-ul.- "t
R N o TN A { et el R R e DR




U.S. Patent

Sep. 30, 2008

Sheet 10 of 12

syl s Benlie ko okl

L L # * e e
J',-I-"l'; J’fl"’f
A A L2
vy AR AEA
4 AT S
A RN
PR 1444
“ LS A
Y Y,
I 4 A& £
s . A A
’ -

T T T T T N L N NP L
e e T T e T e e T T Yl e e T T e e T T T Tl T T T T T T T T T W Y

R e e T e R S e b e e A A

’,

-

:F:"I

. 7,

- .

- LT

v L

2N q*:f;

-~ h .-:'.p

. s+,

. w oy

” s T e

. L A A A

{ PO S R

p 7247

+

/ PR AR
.3 -

. AR

W ORE W &) A oRaE gy
¥ T L.
F %W Y W W VY W
A A A& A A A
L L A . T
A A A A A &
LT T R T Y e
i A A A & i
WA L LA A B LY
M A A A& A
W W g By W RE
- M M A
b e - S S el .
ok ] W A & A
b L . L
iy ] ™M N N
o= e g A a= sk
iy i N o A K

US 7,430,231 B2

e

bR R et B

3 Y 0 C= 1 -
sl L]y .- -
R )
¥

.=Fl:i a e :I'I -
= e

B LR RGN T U O
o it A A A & A A
AR e A
jtl.l :'I'l' .: " ] [ ] -ﬂ n-
_:l'r. e B " I TR R

WORE oy g AT ae

A A A A A M
W W T oy T oan

A A A R A A

A N N A &N
L I N T L

L b

1

e

: :!_-.-'._lf'.:::i;.'._

g

- Ly L L
R I.l]l!l:

s A A o W
W Y W W O g
A& s i W
b ol R . . R L
A A A N M N
W OWE W WG aE A g
i [ v oy A
WROWE R ORR AR A
i M S " R
WM e o g P g g
F R T T
W W W W W ¥ W
iy A& A e A
b A . A T e S
ik & A A A N
R A e Y P ey e
i T o o M e
R E o iy A e
i W e A R A
W oW W Wy oy e gy
i M A m A e
W W w W g W
ke M e o w M e
L' . N M O g
s e o M e
LT L' W W e
F dh ' iy i
W oy - w Y v w
F O .
Wy o wy Y W W
ak A d e N A
W oy W w v

e ok e g M e
b S W N N g

TR
L} N I'.
DAL L -

P
s T

salivialialevenisiuniiniiiuuiiavahesesaatii s et iiabintahinh el o ~dpiniet, siipiply pipiel, Apipigl -isbk wylaigs skt Ayl =iyl =applo valet ol Y ol gl By <At~k pigtet ety Sinisly il Syt ol ity R I e ol vy Y Y

R gyertt A




U.S. Patent Sep. 30, 2008 Sheet 11 of 12 US 7,430,231 B2

i

Lty
o

Wi

!

S W AN AT Aty 4™

.,H.
e LR L A AL A A A A

A T T T s A

R T T o e T
e, 1."':. "."'\. 1."'-'., o ; “ : -.,."H: 1,‘-: -.,"*."'-:.""."h.,"'-." .""-.."' -:‘r."-.f "-.*"'-, "ﬁ."'!., "-l."‘-"'-."'-f "-.""-\. q."'-, -1.""'-, -'|.""=.r e

N T T T, T T T T N S T A T T W N e T T P N T T
A L L

T T T A T S T R R N R N Y S e A N N T N S N e

]

N

N N N O O T T N e e S o o e, N s

O R SR N

idler

_ N
e,

A A A A A A A A A
L A e e "o S - .
i s A A A A A A A
WO W g o mgE B g
oy W o o A A A
e " o LT Y

iy Yy A A %
R vy LT I W

s e e A& A M
A g LJ
F O "
LT TR T
- s
-F.!-I.Ii*
& A A& A A
" g iy
i M M
ol T I Yo
&
LS

W v W
M S A A AT A A A Wi
e W ol A
A A A
Yo Wy g oap
A v A
W Y

A M A A ARA A A A P

T I LS

4 A A A A A A A
b v v i ﬁ L O S
A A A A TR Ala &0

-
u
=-

¥ «
>
4 £
>
44
-
r
’.
F F
LI
s b
i €
&
L
- .

e

v oY v
A A g
L w b L - b b wr o - - » g -
::i:' N A R & A A AF A F U N
S L I L W W o o s
5, M oM N N A A e P Y
ox w o g WY W M e e s oa ar
L . r A Y A A B N A A oy
W Wy s WO W W mE oRE gR A AR
o A A A A A A & A M
L . L) W W Wy i ot omE oap oA e

T T R R A . . T . . T T %
W oW W W W W W W W W W e W W Wy
A& A A A A A A A A R A B o
WOOW W oW W W W %W % AR mm omm oAk LA s
M R A M B A AR W R W A
WO Am o o g g AR B G 4 M g
L T R T . . T R S " T S .
WO W o W W Y g OW W o me & L A
A A A e A R A A A M R e
W W W W W W W g W oW o e g g L

A s A A A A A s A A ar i !
- W W W W R R M g L i -
A A A ABA A A A A& A A A A _.3.- :
WOW W W YW W W g A P oY 1ok
A A A A A oo oA oA R N Cag L
b . L b . TR . L B .o

F
b o

”
b A o

F

WOAS
M

& A A A A A A A A
W W W Wm A oy gy g W
Ja A b A Y A5 B W A
B L N Y wm g o o W
s o A A W e Yy e
W g g e oy g Yy
oA A A S m e
WO W OW W WM Wy W W
A A A O O T N T T i
YWON Y YW W W W W W Y W W W W W
A A A A A A A A L o0oA oA om W b
WMOME A o W W W W W oy mE oy o g
A A A A A A A A A A A i o de A
WA ad ome g oy N g e w aE w y g ap

!

+
> >
1m

L2

8




U.S. Patent Sep. 30, 2008 Sheet 12 of 12 US 7,430,231 B2

FIG. 9




US 7,430,231 B2

1

VERTICAL CAVITY SURFACE EMITTING
LASER (VCSEL) ARRAYS PUMPED
SOLID-STATE LASERS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/676,619, filed Apr. 29, 2005, which 1s

hereby incorporated by reference 1n 1ts entirety.

FIELD OF THE INVENTION

This mvention relates generally to the field of solid-state
lasers, and more particularly, 1t relates to solid-state lasers
pumped by incoherent or partially coherent, monochromatic
light sources such as vertical cavity surface emitting laser
(VCSEL) array or arrays.

BACKGROUND OF THE INVENTION

Solid-state lasers have found applications in all areas
where high peak power or high continuous power are
required. Examples include material processing (cutting,
drilling, welding, marking, heat treating, etc), semiconductor
fabrication (wafer cutting, IC trimming), graphic arts (print-
ing, copying), test equipment (confocal microscope), bio-
technology instrumentations (proteomics, DNA sequencing,
tomography, flow cytometry), medical applications (diagno-
s1s, therapy, micro-surgery), military applications (range
finding, target designation), entertainment (laser TV, DVD),
and scientific research, to mention a few.

Unlike semiconductor or diode lasers, which are almost
always pumped electrically, solid-state lasers based on active
ions doped 1n crystals or glasses are optically pumped. One of
the key components of a solid-state laser therefore 1s an
eificient and low-cost light source to provide the optical
pumping.

Such optical pumping of solid-state lasers requires the
cificient conversion of electrical energy 1nto optical radiation,
and an efficient coupling between the generated high-radia-
tion fluxes and the solid-state laser active (gain) medium.
Efficient coupling requires a close match between the output
spectrum of the pumping source and the characteristic
absorption bands of the particular gain medium employed. To
maximize the laser output and minimize thermal effects, pre-
cise spatial overlap and uniform absorption of pumped pho-
tons over the laser mode volume 1s important.

Flash lamps, arc lamps, laser diodes, and some nonelectric
light sources have been employed to pump solid-state lasers
over the past years. All of these pumping sources have serious
limitations and drawbacks, however.

Historically, flash lamps have been widely utilized for
pumping solid-state lasers partly because of their high con-
version elficiency. However, due to their non-monochromatic
output, the coupling efficiency 1s generally low. Increasing
the flash-lamp’s filling pressure could improve the conver-
sion etficiency, however, this would require higher trigger
voltage and the simmer current would be more difficult to
establish and maintain. The flash-lamp’s low coupling eifi-
ciency causes a large amount of heat to be generated during
the pumping, which limits repetition rates of solid-state lasers
pumped by flash lamps. Additionally, the excessive heating,
leads to undesirable thermal effects such as thermal birefrin-
gence, thermal lensing, and even thermal damage. Finally,
flash lamps typically exhibit short operating lifetimes, caus-
ing frequent replacement necessary.
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In sharp contrast to flash lamps, semiconductor diode
lasers produce characteristically narrow emissions, which
may be advantageously matched to the absorption peak of a
laser active medium, resulting in a high coupling efficiency.
Unfortunately however, semiconductor lasers are effectively
low-peak-power devices and as such, are not best applicable
to high-peak-power pulsed mode operations and can be easily
damaged by electrostatic discharge or current spikes. In addi-
tion, diode laser pumping often does not operate over desir-
able temperature ranges unless ineflicient and oftentimes
cumbersome temperature control 1s used. Moreover, diode
lasers have a relatively short lifetime of only 5,000 to 10,000
hours and their cost 1s high.

Side-pumped lasers typically use cylindrical rods and thus
do not exhibit efficient mode-pump overlap, which 1s particu-
larly problematic for high power scaling. In addition, low
dopant percentage has to be used to avoid absorption of
pumping energy concentrated near the surface of the laser
medium, which may lead to poor overlap between the laser
mode and the pumped volume, as well as degradation of the
quality of the laser beam due to hot spots inside the gain
medium.

Still other attempts were made to pump solid-state lasers
with other semiconductor devices, 1n particular, incoherent
monochromatic light sources such as the high-intensity
Amplified Spontaneous Emissions (ASE) from rare-earth-
doped fluoride, telluride and silica fibers, ASE from super-
luminescent diodes, spontaneous emission from Light Emiat-
ting Diodes (LEDs), and incoherent or partially coherent
emission from Vertical Cavity Surface Emitting Laser (VC-
SEL) arrays. Among them, LEDs and VCSELs are of particu-
lar interest, because their spectral bandwidths may suitably
match the absorption spectrum of the lasing medium. In addi-
tion, high power LEDs and VCSELSs offer some particularly
important wavelength ranges, where conventional high
power edge emitting laser diodes are unavailable.

VCSEL 1s a semiconductor device that emits light normal
to the device plane with a symmetric beam profile. It has high
slope efficiency, 1s relatively inexpensive and easy to produce.
By arranging plurality of VCSEL devices 1nto an array, it 1s
possible to generate high optical power density. In order to
serve as a pumping source, the VCSEL array must have a
suificiently large surface area. Three properties, namely,
cifective heat dissipation, etficient utilization of VCSEL out-
put beam, and uniform 1njection of the pump energy 1nto gain
medium, are thus required.

Heat dissipation may be improved by including a heat sink
attached to the device side. In order to decrease the divergence
of the VCSEL output beams, beam focusing/collimating ele-
ments such as external and discrete lens systems or integrated

microlenses may be utilized. For example, in U.S. Pat. No.
6,888,871 and U.S. Patent Application Publication No. 2005/

0025211, Zhang et al. have invented a VCSEL device 1nte-
grated with microlens or microlens arrays and attached with a
heat sink. The device emits high-power laser beam with a
shape matching the core of fiber optic cables and can be used
for pumping fiber lasers such as Er:Yb-doped glass laser.

An 1mnovative solid-state laser device pumped by 1ncoher-
ent or partially coherent monochromatic light sources such as
LED and VCSEL arrays has been disclosed by Luo, Zhu, Lu
and Zhou1n U.S. Patent Application No. 2005/0201442. With
this mvention, the pump light 1s efficiently and uniformly
coupled into a laser gain medium through a diffusing pump
chamber. Compared with LED arrays, VCSEL arrays may
have higher optical power and emait light of less divergence.
This poses a need for inventing different structures to opti-
mize the coupling efficiency.




US 7,430,231 B2

3
SUMMARY OF THE INVENTION

Accordingly, we have mvented a solid-state laser that 1s
pumped by VCSEL arrays. Our invention provides for effi-
cient coupling and absorption of the partially coherent mono-
chromatic pump light, resulting 1n a compact, robust, and
relatively low-cost laser that may efficiently operate over
wide temperature and performance ranges while consuming,
relatively low energy.

: : : 10
Viewed from a first aspect and according to our mvention,

pump light emanating from a partially coherent monochro-
matic light source such as a VCSEL array 1s coupled 1nto a
laser gain medium through the use of a diffusing pump cham-
ber. Our inventive diffusing pump chamber provides for
multi-bounce reflections of unabsorbed pump light, resulting,
in uniform distribution of gain medium excitation. One pre-
terred embodiment of our inventive diffusing pump chamber
1s a hollow cylinder coaxially surrounding the gain medium.
There are one or more windows for transmission of the pump
light. One or more VCSEL arrays are disposed outside the
diffusing pump chamber with even separation along the
perimeter. Another preferred embodiment of our mventive

diffusing pump chamber 1s a highly reflecting Compound
Parabolic Concentrator (CPC). A 2-D VCSEL array 1is
employed as the pump source and the gain medium 1s located
at the focusing point of the diffusing pump chamber. Our
inventive structure provides a convenient mechanical mount-
ing for the pump source and associated driver electronics.
Still further, our inventive structure provides for the efficient
dissipation of heat, resulting 1n a laser capable of sustained, 3¢
high-power, continuous (CW) or pulsed output—including,
those with extremely high repetition rates.
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Viewed from a second aspect, our inventive teachings
result 1n solid-state lasers exhibiting three basic characteris-
tics, namely, 1) the efficient delivery of pump energy into a 35
lasing media; 2) the eflicient transier of excited energy into
stimulated emission with minimum loss from spontaneous
emission or non-radiative quenching—a characteristic par-
ticularly important for laser materials having short upper state
lifetimes; and 3) the novel integration of technologies such as 4
high efficiency and high power VCSEL arrays and solid-state
laser materials 1n conjunction with the uniform absorption of
pumping energies. The resulting inventive structures are
highly flexible, and therefore applicable to a large group of
lasing media, operating in different modes that may be
applied to aplethora of laser systems at wavelengths that have
important applications not available to direct pumping tech-
nologies.

45

Viewed from a third aspect, our inventive teachings may be
incorporated with other technologies such as wavelength con-
version and/or Q-switch for various applications. According
to our invention, a nonlinear optical crystal may be introduced
in the laser path for intracavity Optical Parametric Oscillation
(OPO) or Second-Harmonic Generation (SHG). Moreover, a
birefringent crystal may be sandwiched 1n between the gain
medium and the nonlinear optical crystal for polarization/ °°
wavelength selection and/or elimination of possible interfer-
ence between the signal and the idler in a singly resonant
OPO. These crystals are optically bounded to form a mono-
lithic or hybrnd structure. High power laser output at a desired
wavelength 1s achievable through continuously pumped, 60
repetitively Q-switched operation.

50

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects of the invention will be more clearly under- 65
stood when the following description 1s read in conjunction
with the accompanying drawings 1n which:

4

FIG. 1A shows a schematic, cross-sectional view of the
VCSEL pumping section 1n a solid-state laser according to
the present invention;

FIG. 1B shows a longitudinal sectional view of the inven-
tive laser structure depicted 1n FIG. 1A;

FIG. 2 1s a functional block diagram of a solid-state laser
according to the present invention;

FI1G. 3 shows a schematic, cross-sectional view of an alter-
natrve embodiment of the present invention;

FIG. 4 compares Ho: YLF laser performances with or with-
out a diffusing pump chamber 1n terms of optimal transmuit-
tance ol the output coupler and laser output power of the
optimized resonator;

FIG. 5 demonstrates performances of Tm:YAG and
Yb:YAG lasers 1in terms of optimal transmittance of the out-
put coupler and laser output power of the optimized resona-
tor;

FIG. 6 demonstrates output energy and slope efficiency of
Er:Yh:glass laser operated at pulsed modes;

FIG. 7 demonstrates output energy and slope efficiency of
Cr:Forsterite laser operated at pulsed modes;

FIG. 8A 1illustrates an embodiment of the high-power
solid-state laser with wavelength conversion according to the
present invention;

FIG. 8B graphically illustrates the scheme for selecting a
desired lasing;

FIG. 8C graphically 1llustrates the scheme for eliminating
possible interference between the signal and the idler and for
realizing highly eflicient singly-resonant OPO;

FIG. 9 1llustrates an embodiment of injection-seeded solid-
state laser activated by the pump assembly constructed
according to the present invention.

DETAILED DESCRIPTION

Referring now to drawings and in particular to FIG. 1A,
there 1s shown 1in schematic form a cross-sectional view of the
VCSEL pumping section of a solid-state laser 100 con-
structed according to our invention. In particular, a laser gain
medium 110 1s shown at the center or core of the inventive
laser structure. The laser gain medium 110 1s situated within
a diffusing pump chamber 120 and axial aligned therein. One
or more transparent slits are evenly distributed around the
perimeter of the diffusing pump chamber longitudinally
along the axis to form transmitting windows 160. Surround-
ing the diffusing pump chamber 120 are VCSEL arrays 150
served as the pump source and beam focusing elements 140
for directing the pump light 180 1nto the diffusing pump
chamber 120 through the transmitting windows 160. Accord-
ing to our mventive teachings, the beam focusing elements
140 can be discrete lenses or integrated microlenses for focus-
ing the pump light at the surface of transmitting windows 160.
The entire assembly 1s further positioned within a housing
130, which 1s also served as a heat sink for effectively dissi-
pating the heat generated from the VCSEL arrays 150.

The outermost housing 130 1s preferably a metal shell or
other material that provides suitable physical protection of
the laser system and heat dissipation characteristics. Accord-
ingly, heat-conductive plastics or ceramics are suitable mate-
rials for incorporation 1nto our inventive laser.

Preferably, the inner surface of the diffusing pump cham-
ber 120 1s coated with highly diffusive reflecting materials
such as Spectralon, BeO, MgO, BaSO,, or ceramics for dif-
fuse reflection. However, the transmitting windows 160 are
anti-reflectively (AR ) coated to minimize reflection loss at the
pump wavelength. High power lasers may use circulating
water or other index-match coolants to remove excessive
heat. Alternatively, the space between the laser gain medium
and the inner surface of the diffusing pump chamber may be
filled with transparent solid-state materials with high thermal
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conductivity for heat dissipation. Still alternatively, the solid-
state filler may contain micro-channels for enhancing heat
dissipation. In these cases, the diffusing pump chamber 120
may be a tube of glass or other transparent materials and HR.
coated on the outer surface. It should be mentioned that the
transmitting windows 160 are not limited to slot shape. It may
be any other shapes with various surface-fimshing for any
desired applications. In an alternative embodiment, the trans-

mitting windows 160 may be lenses or other beam shaping
clements for effective delivery of pump light and/or enhanc-
ing the uniformaity:.

Shown in FIG. 1A are three VCSEL arrays 150 that are
evenly mounted on the housing 130. Each individual VCSEL
array includes a number of individual VCSEL devices (not
specifically shown). Each individual VCSEL device emits 1ts
respective pump light that 1lluminates and activates the laser
gain medium 110. Advantageously, the specific number of the
VCSEL devices 1n each array and their particular operational
and emission characteristics may be selected to enhance or
otherwise optimize the performance of the laser. In particular,
it 1s 1mportant to match the output emission spectrum of the
VCSEL arrays 150 with the absorption spectrum of the gain
medium 110. Of course, and as will bereadily understood, the
total pumping energy generated by the VCSEL arrays 150
must be suilicient to induce lasing operation while not being
too high to avoid efliciency reduction and, probably, thermal
damage.

It should be noted and understood at this point that our
invention 1s not limited to the three arrays as 1s shown. Fewer
or more may be used, depending upon their characteristics
and the characteristics of the laser gain medium 110
employed. A preferred embodiment, however, will likely
have an odd number of VCSEL arrays.

When energized, the VCSEL arrays 150 emit light at a
wavelength characteristic of the particular VCSEL. Prefer-
ably with negligible loss, the light emitted from the VCSEL
arrays 150 and focused by the beam focusing elements 140
passes through respective transmitting windows 160, and
enters into the diffusing pump chamber 120. While much of
the light 180 does strike the laser gain medium 110, that
portion of the light which does not, or which passes through
the gain medium 110, will eventually strike the highly reflec-
tive (HR) 1nner surface of the diffusing pump chamber 120
where 1t will be reflected back towards the laser gain medium
110. This process may be repeated a number of times, thereby
enhancing the efliciency of the inventive structure while pro-
moting a uniform gain distribution within the gain medium.

To further enhance the pump uniformity, the outer surface
of the laser gain medium 110 may be ground to give a surface

roughness of 20 to 100 micro inches RMS.

Advantageously, and as can be readily appreciated by those
skilled 1n the art, our inventive teachings are applicable to a
variety of laser gain media including Er:YAG, Tm:YAG,
Yb:YAG, Ho:YAG, Ho:YLFE, Er:YLF, Er:YALO,, Er:Cr:
YSGG, Er:Yb:glass, Nd:YLF, Nd:YAG, Nd:KGW,
Nd:YVO,, Nd:GdVO,, Cr:Nd:GSGG, Cr:Mg,S10, and
Co:MgF,, to mention a few. In addition, active 10n doping
levels may vary vastly to meet desired operating conditions
and/or to desirably modify the mode-pump overlap. The laser
gain medium 110 may be arod or of other shapes. Depending
on the required laser output, the precise length of the laser
gain medium may vary considerably as well. In fact, the
selection of VCSEL array output, laser gain medium, con-
figuration, and operation mode, 1s a matter of design choice
and highly flexible with our inventive teachings.

With this structural discussion 1n place, we may now better
understand the operational aspects of our inventive laser
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structure. In particular, and with continued reference to FIG.
1A, one or more of the individual lasers contained in VCSEL
arrays 150 are energized such that they emit one or more
characteristic pump lights. It 1s important to note that the
operation of the VCSEL devices may be continuous or selec-
tively turned on or off such that they operate intermittently
and thereby “pulse” the laser. In addition, where multiple
arrays ol VCSELs are disposed around the perimeter of a laser
gain medium, such as 1n this FIG. 1A, individual arrays or
VCSEL devices may be selectively operated—ypreferably
under computer or other automatic control—to produce a
desired output. Moreover, where the VCSEL arrays are dis-
posed lengthwise along the laser gain medium 110, the
VCSEL devices may be selectively operated along the length
as well as the perimeter to realize any beneficial operational
performance that may result from such operation.

A longitudinal sectional view of the solid-state laser sys-
tem depicted in FIG. 1A 1s shown in FIG. 1B. A highly
reflective mirror 170 and a partially transparent mirror 175
form a Fabry-Perot resonator chamber. In operation, the gain
medium 110 1s optically excited with the pump light emaitted
from the VCSEL arrays 150 and the population 1s mnversed.
With appropnate selection of VCSEL device characteristics
and the surface area of the VCSEL arrays, the oscillation
threshold condition can be met. The generated laser beam 190
1s extracted through the output coupler 175.

FIG. 2 shows a functional block diagram of a solid-state
laser according to the present mvention. The VCSEL pump
source, which 1s specifically labeled as 150 in FIGS. 1A and
1B, 1s energized by the electrical driver (not shown 1n FIGS.
1A and 1B). Part of the electrical energy 1s converted into
partially coherent and monochromatic radiation, which 1s
turther delivered into the laser gain medium, labeled as 110 1n
FIGS. 1A and 1B, through the coupling mechanism. The
driving energy i1s advantageously controlled through laser
teedback. This operation may be made continuous, pulsed, or
some desirable variation thereof. As can be readily appreci-
ated by those skilled 1n the art, our inventive teachings, when
combined with state-oif-the-art computer controlled feed-
back, permits advantageously variable laser output, including
pulsed output as well as sophisticated variable pulsed output,
all under computer or other automatic control.

Turning our attention now to FIG. 3, there 1s shown a
schematic cross-sectional view of an alternative embodiment
ol a solid-state laser exhibiting our inventive concepts. In
particular, laser assembly 300 includes a gain medium 310, a
diffusing pump chamber 320, and a 2-D VCSEL array 350,
which 1s attached to a heat sink 330.

Advantageously, the diffusing pump chamber 320 1s a
highly reflecting compound parabolic concentrator (CPC)
with two overlapped parabolic portions. Preferably, the CPC
surface 1s constructed by metal or Pyrex glass coated with
highly reflecting metal film or dielectric HR thin film or
highly diffuse retlecting materials such as Spectralon, BeO,
MgQO, or BaSO,, or a highly diffuse reflecting ceramics. As
can be appreciated, such a structure exhibits advantageous
manufacture/assembly characteristics and 1s an 1deal candi-
date as a pumping source of high power. It should also be
understood that the diffusing pump chamber 320 shown in
FIG. 3 1s only an exemplary embodiment of the present inven-
tion. A variety of alternatives such as CPC with a single
parabolic portion or multiple parabolic portions may be taken
without departure from our inventive principles.

By positioning the gain medium 310 at the focus point of
the diffusing pump chamber 320, the pump light emitted from
the VCSEL array 350 1s diffusely reflected into the gain
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medium. With this coupling mechanism, the gain medium 1s
eificiently and uniformly excited.

One of the hurdles for high-power solid-state lasers 1s the
lack of appropriate pumping source. Currently available com-
mercial systems with average powers 1n excess of 10 W are
still, for the most part, flash-lamp or CW-arc lamp pumped.
Flash-lamp pumping 1s inherently of low coupling efficiency,
short operating lifetime, and limited repetition rate, resulting
in high power consumption and requiring complicated cool-
ing systems. In diode-pumped high-power solid-state lasers,
the diode arrays are the major cost driver, making them
uncompetitive with lamp-pumped systems. This hurdle can
be overcome by the use of the present invention. For further
understanding of our inventive principles, numerical analysis
1s conducted for the following exemplary lasers.

Rare-earth tunable lasers such as Tm, Ho, or Yb doped
YAG, YLF or YAP lasers are primarily employed as laser
sources 1n the IR region and are of particular interest for
medical applications, remote sensing and coherent radar sys-
tems. Flash-lamp pumping 1s not particularly eflicient in
these 3-level lasers. Fortunately, the present invention makes
VCSEL arrays an efficient and inexpensive pump source for
these materials.

With reference to FIG. 4, where a comparison of Ho: YLF
laser performance with or without a diffusing pump chamber
constructed according to our inventive teachings 1s shown.
Optimal transmittance of the output coupler and laser output
power ol the optimized resonator are calculated and dis-
played. In this figure, label a represents a configuration with-
out integration of a diffusing pump chamber, while label b
represents a configuration with a diffusing pump chamber as
preferably shown in FIG. 1A or FIG. 3. Evidently, the present
invention makes significant improvement.

As an example of tunable lasers 1n the 2 um region,
Tm:YAG produces laser emission peaked at 2.02 um with a
tunability typically from 1.87 um to 2.16 um. The absorption
spectrum of Tm:YAG 1s centered at 785 nm and has a band-
width of 4 nm. There are commercially available VCSEL
arrays such as Aluminum Galllum Arsenide (AlGaAs)
VCSEL arrays well match this range. Since the lower laser
level 1s 1n the ground state manifold, the laser threshold 1s
relatively high. This limits the application of Tm: YAG lasers.
Fortunately, our invention successiully overcomes this draw-
back. As can be appreciated by referring to FIG. 5, 10 W CW
laser output around 2.02 um can be achieved with 100 W of
pump power. This can be realized by a VCSEL array with size
of 1 ¢cm?® or smaller, in association with a diffusing pump
chamber as preferably displayed in FIG. 1A or FIG. 3. More-
over, by the use of VCSEL arrays emitting light around 805
nm, the Tm:YAG crystal can be wing-pumped, which benefits
heat removal and reduction of thermal loading 1n high power
laser operation. As an additional advantage of our mnventive
teachings, the efficiency and uniformity of such wing pump-
ing can be very high.

On the other hand, Yb: YAG, which emits laser at 1.03 um,
has only a single absorption feature around 942 nm. This
climinates the possibility of using tlash lamps as pump
sources. In addition, the performance of Yb:YAG strongly
depends on temperature. Efficient and uniform injection of
pump light into the gain medium thus 1s critical. Fortunately,
the present invention provides an 1deal solution for this type
of lasers. Compared to edge-emitting laser diodes, VCSEL
arrays have lower temperature sensitivity, typically shiit their
emission wavelength around 0.02 nm/C.°, which 1s well suit-

able to the absorption spectrum of Yb: YAG having a band-
width of 18 nm. As shown 1n FIG. 5, CW laser output of 30 W

or higher at 1.03 um 1s achievable from an Yb:YAG laser
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according to our inventive teachings. In addition, pumping of
Yb:YAG with VCSEL arrays emitting 942 nm light produces
relatively small amount of crystal heating compared to other
major laser gain media due to the very small quantum defect
or Stokes shift. For example, the fractional thermal loading 1s

around 11% for Yb:YAG pumped at 942 nm, while for
Nd: YAG pumped at 808 nm it 1s 32%. This benefits the laser

for high power applications.

Erbium has attracted attention because of two particular
wavelengths of interest, 1.e., 2.94 um from transition between
*1,,, and “1,,,, in a crystal such as YAG highly doped with
erbium and 1.54 pm from transition between “I, ., and 1, .,
in an Er-doped phosphate or silicate glass. Both of these
wavelengths can be absorbed by water, which leads to inter-
esting medical applications. However, the efficiency and out-
put energy of erbium lasers pumped by tlash lamps are very
low.

With the present invention, Er: YAG crystal can be pumped
with VCSEL arrays of suitable semiconductor materials such
as Indum Gallium Arsemide (InGaAs) that emits light around
963 nm. Other erbium lasers such as Er: YLF, Er: YAIO,, and

Er:Cr:YSGG can also be operated 1n both pulsed and CW
modes according to our inventive teachings.

Due to the three-level behavior and the weak absorption of
pump radiation, erbium glass laser 1s often sensitized with
ytterbium, which has a relatively strong absorption band
around 1 um. Here again our mventive teachings find impor-
tant applications. For example, VCSEL arrays emitting light
at 980 nm can be used as a light source for pumping Er:Yb:
glass laser. As can be derived from FIG. 6, 400 ml/pulse
output can be obtained from an Er:Yb:glass laser having a
gain medium diameter of 2 mm and length of 20 mm 1n an
optimized resonator with output coupler transmission of
22%, and pumped by VCSEL arrays operating at pulsed mode
with 1600 mlJ energy per pulse, 8 ms pulse width, and 60 Hz
repetition rate. At CW mode, the achievable laser output
power 1s 22.5 W, corresponding to a slope elliciency of

22.5%.

A Turther advantage of the present invention 1s 1ts applica-
bility to pulsed laser operation at high repetition rates, which
1s particularly important for gain media with short lifetime of
upper state. One exemplary system is Cr:Forsterite (Cr**:
Mg,S10,). This vibronic active material attracts interest
because its laser emission fills the void in the near IR region
from 1167 nm to 1345 nm, which has important applications
in 1maging, optical coherence tomography, spectroscopy, and
ranging, but 1s not covered by any other solid-state laser. At
the room temperature, Cr:Forsterite has a fluorescence life-
time of approximately 3 us. It has broad absorption bands
near 740 nm and 1075 nm, making VCSEL arrays a promis-
ing pump source. Although the absorption coetficient at 740
nm 1s about six times that at 1075 nm, our inventive structure
cnables efficient and uniform pumping at the longer wave-
length to achieve higher quantum efficiency. As shown 1n
FIG. 7, 1.9 mlJ/pulse output can be obtained from a Cr:For-
sterite laser having a gain medium diameter of 2 mm and
length of 20 mm 1n an optimized resonator with an output
coupler transmission of 6%, and pumped by VCSEL arrays
operating at pulsed mode with 10 mJ energy per pulse, 3 us
pulse width, and 50 KHz repetition rate. When operated at
CW mode, 2.9 W of laser output power 1s achieved, corre-
sponding to a slope efficiency of 0.6%.

It should be mentioned that the forgoing numerical analy-
s1s 1s for 1llustration of our inventive principles only. As can be
appreciated by those skilled 1n the art, a varniety of laser
systems can be constructed according to our mventive teach-
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ings. A particularly important application of the present
invention 1s high-power solid-state lasers featuring wave-
length conversion.

High demands 1n eye-satfe laser transmitters and LIDAR,
mid-IR remote sensing and medical applications have stimu-
lated much interest 1n development of high-power Optical
Parametric Oscillator (OPO). Laser projection display sys-
tems, material processing, and many biomedical applications
such as diagnostics and therapy demand laser wavelengths 1n
the visible and UV ranges, which often requires wavelength
conversion. Harmonic generation and sum frequency mixing
are common processes to achieve this goal.

Referring now to FIG. 8A, where an embodiment of the
inventive high-power solid-state laser featuring wavelength
conversion 1s shown. The laser system 800 comprises a gain
medium 810 surrounded by a pump assembly 100, a bireirin-
gent crystal 830, a nonlinear optical crystal 820 for wave-
length conversion, an optional Q-switch element 840, and
cavity mirrors 850 and 860. These crystals are preferably
optically bonded each other to form a monolithic structure.

In operation, the gain medium 810 1s optically excited by
the pump assembly 100 and the population 1s inversed, result-
ing in stimulated emission at wavelength A, . Through a non-
linear optical process in 820, the wavelength A, 1s converted
to A,. In order to support resonant oscillation, the interfacial
surface 813 between the gain medium 810 and the bireirin-
gent crystal 830 1s coated anti-reflective (AR) to A, and
highly-reflective (HR) to A, for resonant nonlinear optical
process. The cavity mirrors 850 and 860 can be concave or flat
or directly coated onto the external surfaces of the monolithic
structure. The mirror 850 1s HR to A,, while the mirror 860 1s
HR to A, and highly transmissive (HT) to A,. These two
mirrors form a resonant cavity.

The gain medium 810 can be naturally birefringent or
1sotropic, doped with active 1ons or co-doped with active 10ns
and sensitizer. For 1sotropic gain medium such as Nd: YAG,
the emission has no polarization preference. In order to obtain
linearly polarized laser output, Brewster angle cut or intrac-
avity polarizer 1s conventionally used. In some other gain
media, two radiative transitions of different polarization
states may be induced from the same upper and lower energy
levels. For example, upon excitation by a pump light to
energy level “F, ,, the extraordinary transition between “F,
and “1, ,,, corresponding to wavelength of 1.047 um () and
the ordinary transition between the same energy levels corre-
sponding to wavelength of 1.053 um (o) may occur simulta-
neously in Nd: YLF, with nearly equivalent stimulated emis-
sion cross-sections. Undesired stimulated emission may
deplete the population of the upper state, which reduces the
laser efficiency. An intracavity polarizer 1s conventionally
used for selecting lasing at the desired line. Unfortunately,
insertion of polarizers often introduces additional cavity loss
and 1ncreases laser threshold.

These problems can be solved by insertion of the birefrin-
gent crystal 830 between the gain medium 810 and the non-
linear crystal 820. According to our inventive teachings and as
conceptually shown in FIG. 8B, the extraordinary component
(e-ray) of the laser beam emitted from the solid-state laser, 1f
any, deviates away Irom the resonant cavity due to the walk-
off effect. Lasing oscillation can only occur for the ordinary
component (o-ray). This configuration enables monolithic
structure and intracavity loss reduction.

Another role of the birefringent crystal 830 1s graphically
illustrated in FIG. 8C. The propagation direction of the i1dler
wave reflected from the mirror 860, which 1s extraordinary in
the birefringent crystal 830, 1s tilted due to the walk-oif eftect.
Resonant oscillation of the idler, which often occurs 1n high-
gain operations even with very low retlection, thus cannot be
established. This configuration creates a singly-resonant
parametric oscillation with return pump beam, which reduces
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the threshold and improves the efficiency for pump-to-signal
energy conversion. With this configuration, highly efficient
singly-resonant OPO 1s achievable in a compact and cost-
cifective manner. Interference of the i1dler to the signal can be
climinated, making improvement on the optical quality. In
addition, thermal problems related to propagation and
absorption of the idler wave 1n high-average-power OPO can
be mitigated, which reduces the cooling requirement. By
changing the phase matching conditions or rotating the bire-
fringent crystal 830 by 90°, our mventive structure can be
alternatively used for suppressing resonant oscillation of the
signal and realizing singly-resonant OPO for the 1dler.

Our inventive teachings and the merits thereot can be better
understood through examples.

EXAMPLE ONE

The gain medium 810 1s Nd: YAG, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission at 1064 nm. High-power green light at 332 nm 1s
produced after SHG 1n the nonlinear optical crystal 820.

EXAMPLE TWO

The gain medium 810 1s Nd:YVO_, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission at 1064 nm. High-power green light at 3532 nm 1s
produced after SHG 1n the nonlinear optical crystal 820. The
birefringent crystal 830 1s removed 1n this configuration.

EXAMPLE THR.

L1
T

The gain medium 810 1s Nd: YAG, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission at 1064 nm. The birelringent crystal 830 supports
the laser oscillation polarized normal to 1ts principal plane
and suppresses another component. Intracavity OPO 1s singly
resonated at the signal wavelength. Resonant oscillation at
the 1dler wavelength 1s suppressed by the walk-off effect in
830. Cr:YAG 1s utilized as passive Q-switch element 840.

Q-switched eye-safe laser output at 1.54 um 1s produced after
OPO in KTP crystal 820.

EXAMPLE FOUR

The gain medium 810 1s Nd:YLE, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission. The birefringent crystal 830 supports the laser
oscillation at 1047 nm (7t component). Green light at 524 nm
1s produced after SHG in the nonlinear optical crystal 820.

EXAMPLE FIV.

[T

The gain medium 810 1s Nd:YLE, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission. The birefringent crystal 830 supports the laser
oscillation at 1053 nm (o component). Intracavity OPO 1s
singly resonated at the idler wavelength. Resonant oscillation
at the signal wavelength 1s suppressed by the walk-oil effect
in 830. Mid-IR laser output at around 3.5 pm 1s produced after

OPO 1n KTP crystal 820.

EXAMPLE SIX

The gain medium 810 1s Nd:YVO_, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission at 914 nm. Cr:YAG 1s utilized as passive Q-switch
clement 840. Q-switched blue laser output at 457 nm 1s pro-
duced after SHG 1n BBO crystal 820. The birefringent crystal

830 1s removed 1n this configuration.
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EXAMPLE SEVEN

The gain medium 810 1s Nd: Y VO,, which 1s pumped by an
odd number of VCSEL arrays at 808 nm to produce laser
emission at 1064 nm. Intracavity OPO 1s singly resonated at
the signal wavelength. Resonant oscillation at the 1dler wave-
length 1s suppressed by the walk-ofl effect in 830. Transpar-
ent electro-optic ceramics such as PLZT or PMN-PT 1s uti-
lized as active Q-switch element 840 for high repetition rates.

Q-switched eye-safe laser output at 1.54 um 1s produced after
OPO 1n KTP crystal 820.

EXAMPLE EIGHT

The gain medium 810 1s Cr:Nd:GSGG, which 1s pumped
by an odd number of VCSEL arrays centered around 640 nm
to produce laser emission at 1061 nm. The birefringent crystal
830 supports the laser oscillation polarized normal to 1its
principal plane and suppresses another component. Polarized
green light at 530 nm 1s produced after SHG 1n the nonlinear
optical crystal 820.

EXAMPLE NINE

The gain medium 810 1s Cr:Nd:GSGG, which 1s pumped
by an odd number of VCSEL arrays centered around 640 nm
to produce laser emission at 1061 nm. The birefringent crystal
830 supports the laser oscillation polarized normal to its
principal plane and suppresses another component. Intracav-
ity OPO 1s singly resonated at the signal wavelength. Reso-
nant oscillation at the idler wavelength 1s suppressed by the
walk-ofl effect 1n 830. High-power eye-sate laser output
between 1.5-1.6 um 1s produced after OPO in KTP crystal
820.

Another particularly important application of the present
invention 1s ijection seeding. An example of such systems 1s
schematically shown i FIG. 9. A seed laser 980 emits light
982, which 1s injected nto the gain medium 910 for spectral
and temporal mode control. In accordance with our inventive
teachings, the gain medium 910 1s a rod and 1s placed at the
center of the pump assembly 100. An odd number of VCSEL
arrays are evenly distributed along the perimeter of the difiu-
sion chamber. An optical 1solator 990 1s employed to prevent
interference or damage to the seed laser 980 due to fed-back
light. This configuration enables 1njection seeding at high
repetition rates. Depending on specific applications, the laser
output 992 can be extracted through different optical surfaces
in various directions.

As can be understood by those skilled 1n the art, our inven-
tive laser system can be incorporated with many other tech-
nologies to satisty specific needs of various applications.

What 1s claimed 1s:

1. A laser device comprising:

an active laser gain medium;

an optical cavity having a set of passive optical elements;
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a pump assembly for generation of incoherent or partially
coherent, monochromatic excitation light and for eili-
cient and uniform injection of the excitation light into
said active laser gain medium; and

a housing assembly, containing the optical cavity, the
active laser gain medium, and the pump assembly;

wherein:

said housing assembly physically protects the laser system
and effectively dissipates the heat generated during laser
operation;

said pump assembly further comprising:

an excitation element having a two-dimensional VCSEL
array to produce incoherent or partially coherent, mono-
chromatic excitation light and

a power supply, electrically connected to the excitation
clement at the array level, for energizing the excitation
clement to produce the excitation light; and

a tubular diffusing pump chamber, 1ts cross-section 1s
shaped with two or more overlapping parabolic
section(s), wherein

the two-dimensional VCSEL array forms one side of the
chamber,

the rest part of the pump chamber surface 1s a reflector to
the excitation wavelength,

the pump chamber effectively surrounds the active laser
gain medium and in axial alignment with the gain
medium,

the central axis of the active laser gain medium 1s located at
or near the focus of the chamber, whereby a population
of the active species becomes substantially mverted 1n
response to excitation by incoherent or partially coher-
ent monochromatic pump light, and

the effects of the excitation light on the gain medium 1s
enhanced through multiple bounces from the inner surface of
the pump chamber.

2. The laser device according to claim 1 further compris-

ng:

a pulse controller for producing pulses of excitation light
from the excitation element such that pulses of laser light
are produced from the lasing element.

3. The laser device according to claim 1 further compris-

ng:

a seed laser, which injects signal into the active gain
medium for spectral and temporal mode control, and a
mechanism for optical coupling, which extracts laser
output generated from the active gain medium and 1s0-
lates the seed laser from fed-back light.

4. The laser device according to claim 1 further compris-

ng:

at least one nonlinear optical crystal, which 1s situated 1n
the laser path for intracavity wavelength conversion.

5. The laser device according to claim 1 further comprising,

a Q-switch element for producing high-power laser pulses.
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